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CAVITATION PERFORMANCE OF AN 8 3 O  HELICAL INDUCER 

OPERATED I N  LIQUID HYDROGEN* 

By George W .  Lewis, Jr., Edward R.  Tysl,  
and Donald M. Sandercock 

SUMMARY 

A f l a t - p l a t e  h e l i c a l  inducer with a constant t i p  diameter of 1.88 
inches w a s  b u i l t  and t e s t e d  i n  l i q u i d  hydrogen. 
made of 2024-T4 aluminum, had two constant-thickness blades and a con- 
s t a n t  0 .4  hub-tip radius  r a t i o .  

The inducer, which w a s  

The noncavitating performance w a s  similar t o  t h a t  observed f o r  
f l a t - p l a t e  inducers operated i n  water. A s l i g h t  i n f l e c t i o n  poin t  w a s  
noted i n  t h e  c h a r a c t e r i s t i c  l i n e  a t  about t h e  mean flow range. This i s  

ance i n  water. 

9 
d compared with s i m i l a r  observations obtained from axial-flow-pump pe r fom-  

Cavi ta t ion performance i s  discussed i n  terms of c a v i t a t i o n  number. 
A s  i n l e t  pressure w a s  reduced, flow conditions r e s u l t i n g  i n  c a v i t a t i o n  
number values of zero were obtained i n  which t h e  performance d i d  not  in -  
d i c a t e  c a v i t a t i o n  breakdown. These observations a r e  compared with re- 
sults obtained from similar inducers operating i n  water. Further  de- 
creases  o f  inlet  pressure produced a se r i e s  of apparently s t a b l e  operat-  
ing poin ts ,  as wel l  as could be ascer ta ined from the  instrumentation 
involved. Two flow models ind ica t ing  basic types of flow t h a t  could 
e x i s t  under t h e s e  conditions are advanced, and the  state of t h e  flow a t  
t h e  inducer i n l e t  i s  considered t o  be an appl ica t ion  of these  flow models 
t o  d i f f e r e n t  degrees. While the  data obtained apparently subs tan t ia ted  
t h e  exis tence of one of t h e  models, it could not be ascer ta ined  t o  what 
degree t h e  model appl ied i n  t h i s  invest igat ion.  The need is indicated 
f o r  a ca re fu l  l o c a t i o n  of pump i n l e t  instrumentation and an addi t iona l  
parameter t o  descr ibe flow conditions adequately under these  operat ing 
conditions.  I 

I 
b Radial d i s t r i b u t i o n s  of head r i s e  are presented f o r  severa l  values 

of flow under both c a v i t a t i n g  and noncavitating conditions.  A s e c t i o n  

Title, Unclassif ied.  * 
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describing the  operat ional  and mechanical experiences encountered i n  
t h i s  inves t iga t ion  i s  a l s o  included. 

INTRODUCTION 

Component research and development have become increasingly impor- 
t a n t  f o r  both chemical ( l i q u i d )  propel lant  and nuclear  rocket systems. 
I n  both appl ica t ions ,  weight reduction of individual. components i s  of 
prime importance. Consideration of low weight and high t h r u s t  i n  
chemical-propelled rocket engines results i n  low propel lan t  tank pres-  
sures  and high combustion-chamber pressures.  The component which satis-  
f i e s  these two extremes of pressure i s  the  turbopump uni t .  I t s  funct ion 
i s  t o  take t h e  low-pressure propel lant  from the  s torage  tank and d e l i v e r  
it at  a high pressure t o  t h e  combustion chamber. Weight of t he  turbo- 
pump varies  inversely as r o t a t i o n a l  speed ( i . e .  , as speed increases ,  re-  
quired diameter of pump and dr ive  turb ine  decreases) .  Therefore, increas-  
ing ro t a t iona l  speed would lower both pump and dr ive  turb ine  weights. 

A s  speed increases ,  d e t e r i o r a t i o n  of pump performance general ly  
takes  place because of c a v i t a t i o n  before  mechanical or s t r e s s  l i m i t a t i o n s  
a r e  reached. Cavi ta t ion can be described as a flow condi t ion wi th in  t h e  
pump at which l o c a l  pressure reaches or drops below the  vapor pressure 
of the  f l u i d ,  causing vapor bubbles t o  form. A s  t h e  vapor bubbles reach 
regions of higher pressure,  they col lapse and may cause s t r u c t u r a l  dam- 
age t o  the  pump as w e l l  as d e t e r i o r a t i o n  of pump performance. A conven- . 
t i o n a l  parameter f o r  determining e f f e c t  of c a v i t a t i o n  on performance for 
geometrically similar pumps i s  suct ion spec i f i c  speed. This parameter 
indicates  t h a t  t h e  a b i l i t y  of a given pump t o  operate  a t  increased suc- 
t i o n  spec i f ic  speeds could be r e f l e c t e d  as an increase i n  speed, and/or 
a decrease i n  required propel lan t  tank pressure.  Several  methods of ob- 
t a i n i n g  higher suc t ion  s p e c i f i c  speeds have been suggested ( r e f .  1); t h e  
one invest igated here in  i s  t h e  c a v i t a t i n g  inducer. 

I 

The c a v i t a t i n g  inducer i s  usually an a x i a l  i n l e t  s tage  with l o w  
head r i s e  and high flow c h a r a c t e r i s t i c s  and i s  designed t o  operate with 
cavi ta t ion .  It adds energy so  t h a t  any vapor formed i s  recondensed, 
generally without s t r u c t u r a l  damage. Thus, t h e  succeeding high-pressure 
pump stages can operate i n  e s s e n t i a l l y  a noncavitating environment. 

Considerable experimental work on c a v i t a t i n g  inducers,  general ly  
operating i n  water, has been reported.  However, it i s  wel l  known t h a t  

ance of a pump d i f f e r  w i t h  each f l u i d .  
d i f f e ren t  requirements based on the  physical  p roper t ies  of various f l u i d s  
has been made ( r e f s .  2 and 3 ) .  The growing i n t e r e s t  i n  t h e  use of l i q u i d  
hydrogen as a propel lan t ,  both i n  chemical and nuclear  rockets ,  ind ica tes  
a need fo r  information on suc t ion  performance of inducers operat ing i n  
t h i s  f l u i d  f o r  both design purposes and c o r r e l a t i o n  with ava i lab le  exper- 
imental work. 

t h e  ne t  pos i t ive  suc t ion  head requirements f o r  a given drop i n  perform- P 
Some attempt t o  c o r r e l a t e  these  

% 
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To observe the  performance of an inducer operating i n  l i q u i d  hydro- 
gen, a 1.88-inch-diameter 8 3 O  f l a t - p l a t e  h e l i c a l  inducer w a s  designed 
and t e s t e d  at the  L e w i s  Research Center over a range of operating condi- 
t i ons .  The aluminum inducer was designed with two constant-thickness 
blades and a constant hub-tip radius  r a t i o  of  0.4. 

i 

This r e p o r t  presents  t h e  measured cavi ta t ing  and noncavitating per- 
formance of t h e  inducer and a summazy of operat ional  problems encountered 
i n  t e s t i n g  with l i q u i d  hydrogen. 
with h e l i c a l  inducers operated i n  water. 

The inducer performance i s  compared 

SYMBOLS 

g 

H t o t a l  head, f t  

acce lera t ion  due t o  gravi ty ,  32.17 f t / s e c 2  

AH pump t o t a l  head rise, f t  

Hs, n e t  p o s i t i v e  suc t ion  head, H1 - h v , l ,  f t  

h s t a t i c  head, f t  

h, vapor head, f t  
i 

k c a v i t a t i o n  number o r  index = hl - h v , l  
V'2 /2g UE(l + (p2) 1 + (p2 
l,t 

N pump r o t a t i o n a l  speed, r p m  

Q flow, gal/min 

S suct ion spec i f i c  speed, m 
..o. 75 

T temperature, OR 

U blade speed, f t / s ec  

V f l u i d  ve loc i ty ,  f t / s e c  

cp 
* 

dimens i onle s s flow coe f f i c i en t  , Va ,&, 1 
.. AH * dimensionless head coef f ic ien t ,  g - 

Uf,l 
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Subscripts : 

a axial 

t t i p  

1 r o t o r  i n l Z t  

Superscripts : 

1 r e l a t i v e  t o  r o t o r  

APPARATUS AND PFSCEDURF: 

Inducer Rotor 

The s implest  type of inducer form from t h e  standpoint of manufac- 
t u r e  (constant l e a d  screw) and one which has shown promising performance 
cha rac t e r i s t i c s  i s  t h e  f l a t - p l a t e  h e l i c a l  inducer. Helix angles t h a t  
have received a t t e n t i o n  f a l l  i n  an approximate range from 7 5 O  t o  850, 
with the higher  angled inducers associated with increased suction- 
specific-speed appl icat ion.  The p a r t i c u l a r  h e l i c o i d a l  inducer chosen 
f o r  t h i s  inves t iga t ion  incorporated a h e l i x  angle of 8 3 O ,  two constant-  
thickness (0.060 i n . )  blades,  an o u t e r  diameter of 1.88 inches,  and a 
constant hub-tip radius  r a t i o  of 0.4. The ro to r ,  which w a s  machined 
from 2024-T4 aluminum, i s  shown i n  f igu re  1. 
primari ly  determined by modification l i m i t a t i o n s  on an e x i s t i n g  pump 
tes t  assembly ( r e f .  4 ) .  
ing  w a s  approximately 0.010 inch. 

I 

. 
The s i z e  of t h e  r o t o r  w a s  

Clearance between blade t i p  and t h e  outer  cas- 

Test  F a c i l i t y  

A schematic diagram of the  liquid-hydrogen inducer pump t e s t  loop 
i s  presented i n  f igu re  2. 
t o  t h e  addi t ion of a second Dewar and minor modification of t he  pump 
package t o  accommodate the  inducer pump r o t o r ,  t h e  t e s t  f a c i l i t y  i s  t h e  
same as described i n  reference 4. 
t i o n s  w i l l  be discussed i n  d e t a i l  herein.  

With t h e  exception of some piping changes due 

Therefore, only t e s t  loop modifica- 

The flow path of the  f l u i d  from t h e  1000-gallon vacuum-jacketed sup- 
p l y  Dewar tank  included, i n  succession, t he  Venturi  flowmeter, pump pack- 
age, flow cont ro l  va lve ,  and t h e  6000-gallon rece iver  Dewar. 
t e n t s  of t he  supply Dewar were replenished by means of t h e  separa te  t rans-  
f e r  l i n e  between the  two Dewars. 
i n  order  t o  f i l l  t he  liquid-hydrogen tank of t h e  pump package. 
i n  t h e  t e s t  loop and t r a n s f e r  l i n e  consis ted of both r i g i d  and f l e x i b l e  

The con- 

A t e e  w a s  placed i n  t h e  i n l e t  piping 
Piping 

V 
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vacuum-jacketed sec t ions  with an inside diameter of 1 .5  inches. A l l  
valves i n  the  t es t  loop were vacuum-jacketed and remote-controlled. Ad- 
mission t o  the  hydrogen-gas disposal  vent system w a s  made through 
remote-control valves loca ted  on the Dewars and t e s t  loop. Other con- 
nections necessary t o  u t i l i z e  auxi l ia ry  systems such as a helium-gas 
supply, a vacuum connection f o r  purging purposes, and a hydrogen-gas 
supply f o r  pressur iza t ion  of t he  Dewars are indica ted  i n  f igu re  2. 

A d e t a i l e d  sketch of the pump package i s  shown i n  f igure  3. The 
pump package of reference 4 w a s  modified t o  allow i n s t a l l a t i o n  of the  
inducer r o t o r ,  discharge t o r u s ,  and t h e  bearing and seal housing. The 
inducer w a s  mounted on t h e  lower end o f t h e  pump s h a f t ,  which w a s  sup- 
ported by two bear ings.  The inducer was separated from t h e  lower bear- 
ing by a face  s e a l  and a spring-loaded sha f t  seal. Fur ther  bearing and 
s e a l  information i s  presented i n  the appendix. A jack s h a f t  arrangement 
was u t i l i z e d  t o  t ransmit  power from the  a i r  turb ine  t o  t h e  pump s h a f t .  
The a i r  turb ine  of reference 4 w a s  replaced with one having a higher  
horsepower r a t i n g  . 

Instrument a t  ion  

The temperatures were measured using carbon composition r e s i s t o r s .  
The r e s i s t a n c e  of t h i s  mater ia l  increases exponentially as temperature 
decreases i n  liquid-hydrogen temperature range. A l l  pressures  were 
measured with pressure transducers.  Pressure l i n e s  from the  probes t o  
t h e  t ransducers  were made long t o  minimize any chance of l i q u i d  en ter ing  
t h e  t ransducer .  A d i r e c t  measurement of n e t  p o s i t i v e  suc t ion  head w a s  
obtained as described i n  reference 5. Basical ly ,  t h e  system cons i s t s  of 
a s tagnat ion  pressure tube, a vapor pressure bulb,  and a d i f f e r e n t i a l  
pressure measuring device. The most important requirement en ter ing  i n t o  
measurement accuracy i s  f i l l i n g  the vapor bulb with mater ia l  which i s ,  
as near ly  as possible ,  i den t i ca l  t o  the f l u i d  being pumped. I n  t h i s  in- 
ves t iga t ion  hydrogen gas from the supply D e w a r  w a s  used. Fur ther  d e t a i l s  
a r e  included i n  the  appendix. Pump speed w a s  measured by means of a 
magnetic-type pickup and a n  e lec t ronic  counter.  

Pump i n l e t .  - The pump i n l e t  instrumentation ( f i g .  3) cons is ted  of 
t h r e e  carbon r e s i s t o r  probes circumferent ia l ly  spaced about t h e  i n l e t ,  
and a ne t  p o s i t i v e  suct ion head meter loca ted  along the  longi tudina l  
c e n t e r l i n e  of  t he  i n l e t  piping. I n l e t  t o t a l  pressure w a s  taken from 
t h i s  l a t t e r  device. The temperature and Hsv measuring devices were 
loca ted  approximately 2 inches upstream of the  inducer blade leading 
edge. 

Pump discharge.  - The inducer discharge measuring s t a t i o n  w a s  l o -  
ca ted  approximately 1 /4  inch downstream of the  blade t r a i l i n g  edge. 
instrumentation cons is ted  of two r ad ia l  rakes each cont.aining two 

The 
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to ta l -pressure  heads. The to ta l -head  probes were open-end chamfered 
tubes spaced a t  centers  of four  equal annular areas  and s e t  a t  a calcu- 
l a t e d  mean f l o w  angle. 0 

Flow measuring s t a t i o n s .  - Flow w a s  measured by means of a s tandard 
ASME Venturi located i n  a sec t ion  of t h e  i n l e t  piping. I n l e t  and Venturi . 
t h roa t  pressures were obtained from w a l l  s t a t i c  t aps .  The carbon resis- 
t o r  fo r  measuring f l u i d  temperature w a s  loca ted  j u s t  downstream of the  
Venturi f o r  convenience i n  mounting and sea l ing .  

Accuracy and r e l i a b i l i t y .  - Because of the  l i m i t e d  amount of da ta  
(and consequently computations) t h a t  could be obtained with t h i s  i n s t r u -  
mentation, very l i t t l e  can be s a i d  concerning the  accuracy, o r  r e l i a -  
b i l i t y ,  of t he  individual  measurements. However, some genera l  accuracy 
values appl ied t o  t h e  carbon r e s i s t o r s  and pressure t ransducers  used i n  
t h i s  inves t iga t ion  a r e  1 percent  of t h e  absolute temperature and 1 per- 
cent  of fu l l - s ca l e  reading, respec t ive ly .  Applying these  values t o  the 
measured pressures and temperatures gives the  following accuracies:  

Temperature . . . . . . . . . . . . . . . . . . . . . . . . . .  k0.37O R 

Head rise - . - * - - - - - - - 20.3 lb/sq i n .  (g f9.9 f t  l i q .  H2) 

f0.02 lb/sq i n .  (E f0. 6 f t  l i q .  Hz) 

I n l e t  pressure . . . . . . . . . .  t 0 . 4  lb / sq  i n .  (g f13.2 f t  l i q .  H2) 

Hsv . . . . . . . . . . . . . . . .  .t0.4 lb/sq i n .  (2 213.2 f t  l i q .  H2) 
0 

The net  p o s i t i v e  suct ion head w a s  measured with a high-pressure 
(40 lb / sq  i n . )  t ransducer  during high i n l e t  pressure operationsand a low- 
pressure ( 2  lb / sq  i n . )  t ransducer  whenever i t s  range w a s  appl icable .  

Some f e e l  f o r  t h e  r e l i a b i l i t y  of t he  da ta  may be  obtained from 
t a b l e  I where t h e  measured i n l e t  temperatures (average of t h ree  carbon 
r e s i s t o r  probes) are compared with a temperature computed from the  i n l e t  
pressures ,  Hsv pressures ,  and the  vapor pressure curve. With few excep- 
t i o n s  the  temperatures compare within the  accuracy of t h e  carbon r e s i s -  
t o r  probes and show espec ia l ly  c lose agreement i n  t he  a r e a  of g r e a t e s t  
i n t e r e s t  - the  low Hsv operat ion.  The g r e a t e r  d i f fe rence  at  high Hsv 
operation may be due i n  p a r t  t o  the  increased measuring e r r o r  associated 
with the high Hsv pressure range t ransducer .  

Operating Procedure 

The inducer t e s t s  were conducted at a constant speed of 35,000 rpm 
and a t  various pos i t ions  of  t h e  flow cont ro l  valve. 
purge and cool-down operations during which the  pump w a s  r o t a t e d  a t  base 
speed (9000 rpm) , desired supply pressure (above c a v i t a t i o n  requirements) 
w a s  se t ;  and pump speed w a s  increased t o  35,000 rpm. When t h e  recording 
potentiometers indicated s t a b l e  flow condi t ions,  d a t a  were recorded on 

Af te r  t h e  i n i t i a l  
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A 

tape by a c t i v a t i n g  the  d i g i t a l  equipment. 
corded as i n l e t  pump pressure (Hsv) was systematical ly  reduced u n t i l  t he  
f l u i d  i n  the  supply Dewar w a s  near ly  depleted. The pump speed w a s  then 
reduced t o  base speed, t he  flow control  valves were closed, and f l u i d  
t r a n s f e r  operations begun. When the  supply Dewar w a s  r e f i l l e d ,  t e s t i n g  
w a s  resumed. 

Data were p e r i o d i c a l l y  re- 

The one exception t o  t h i s  procedure occurred f o r  t he  s e r i e s  of 

For t h i s  s e r i e s  the  pump w a s  brought up t o  speed with the  supply 
poin ts  obtained a t  an open-throt t le  pos i t ion  (runs 115 t o  131 on t a b l e  
I ) .  
tank vented t o  the atmosphere, and then t h e  i n l e t  pressure gradual ly  
increased. 

During the  operation of these tests,  numerous operating problems 
were encountered. Per t inent  experiences of t h i s  nature a re  discussed i n  
t h e  appendix. 

Calculations 

The pressures ,  temperatures, an4 speed were a l l  measured on a s e l f -  
balancing d i g i r t a l  potentiometer and recorded on tape .  For monitoring 
purposes and as a back-up t o  the d i g i t a l  output,  speed and c e r t a i n  s i g -  
n i f i c a n t  pressures  were preserved on s t r i p  char t  recorders .  From ac- 
curacy considerat ions t h e  recording instruments were s e t  up such t h a t  
p o s i t i v e  and small negative d i f f e r e n t i a l  pressures  could be recorded. 
This r e s u l t e d  i n  l i m i t i n g  the  range of Hsv t h a t  could be presented. 

The necessary equations used herein a r e  se l f -ev ident  from the  d e f i -  
n i t i o n s  of t h e  parameters presented, with t h e  exception of weight flow, 
which w a s  computed from the  standard ASME equation f o r  a Venturi meter. 
However, some of t he  considerations and assumptions used i n  the  computa- 
t i o n s  are as follows: 

(1) Data taken from a s ingle  probe represent  a circumferent ia l  aver- 
age of t h e  flow conditions.  

( 2 )  The inlet  absolute flow ve loc i ty  has no prewhir l  and i s  constant  
across t h e  passage. Magnitude of t h e  v e l o c i t y  i s  computed from measured 
flow and the  geometric a rea  of the  i n l e t  passage. 

(3) The o u t l e t  pressure used t o  compute ove ra l l  performance i s  an 
a r i thmet r ic  average of t he  four  t o t a l  heads on the  radial rakes.  

( 4 )  Wherever poss ib le ,  t h e  ca lcu la t ion  of c a v i t a t i o n  number k w a s  

measurements below the  lower l i m i t  of the recording instrument oc- 
based on H,, measurements. The exceptions t o  t h i s  method occurred when 
Hsv 
curred. For t h e  l a t t e r  cases t h e  i n l e t  temperature from the  carbon 



r e s i s t o r  probes w a s  used t o  obtain f l u i d  vapor pressure as shown i n  
table  I. 

(5) A t  t he  open- th ro t t l e  p o s i t i o n  (runs 115 t o  131 on t a b l e  I) t h e  
pressure transducer used t o  measure i n l e t  t o t a l  pressure w a s  found t o  be 
defect ive.  I n l e t  t o t a l  pressures  f o r  t hese  runs were computed by obtain-  
ing  a vapor pressure based on i n l e t  temperature (carbon r e s i s t o r s )  and 
adding t h e  observed Hsv measurements. 

. 

RESULTS AND DISCUSSION 

Whenever c a v i t a t i o n  tests are conducted, it is  convenient t o  observe 
t h e  pump performance as a funct ion of some c a v i t a t i o n  parameter. The 
one used herein i s  the c a v i t a t i o n  number, o r  index, k ,  which i s  based 
upon the  upstream s t a t i c  head, vapor head, and t h e  i n l e t  r e l a t i v e  dynamic 
head as def ined i n  t h e  s e c t i o n  e n t i t l e d  SYMBOLS. 

In  add i t ion  when evaluat ing t h e  c a v i t a t i n g  performance presented 
he re in  o r  comparing it with similar r e s u l t s ,  it should be remembered t h a t  
t h e  data  of t h i s  i nves t iga t ion  were obtained i n  a f l u i d  whose temperature 
ranged from 36' t o  38' R .  
vary s u f f i c i e n t l y  with temperature t o  not iceably a f f e c t  t h e  c a v i t a t i o n  
performance. ., 

The physical  p rope r t i e s  of l i q u i d  hydrogen 

Noncavitating Performance I 

The noncavitating o v e r a l l  performance c h a r a c t e r i s t i c  curve of t h i s  
83' h e l i c a l  inducer i s  shown (as noted) i n  f i g u r e  4 as a p l o t  of head 
coe f f i c i en t  $ against  flow c o e f f i c i e n t  cp. The symbols represent  
ac tua l  t e s t  po in t s  taken a t  var ious c o n s t a n t - t h r o t t l e  p o s i t i o n s .  

The noncavitating c h a r a c t e r i s t i c  l i n e  encompasses all t h e  d a t a  po in t s  
with a k value equal t o ,  o r  g r e a t e r  than, approximately 0.075. This 
b a s i s  f o r  s e l e c t i n g  t h i s  value t o  divide t h e  c a v i t a t i n g  and noncavitating 
performance w i l l  be shown more c l e a r l y  on a la ter  f igu re .  I n  general ,  
t h e  curve shows the  usual inverse r e l a t i o n  between head and flow co- 
e f f i c i e n t s  observed i n  h e l i c a l  inducers.  A t  a flow c o e f f i c i e n t  of 0.064 
a s l i g h t  dip i n  t h e  noncavitating performance curve i s  noted. A similar 
i n f l e c t i o n  p o i n t  (although s l i g h t )  has been observed i n  t h e  results of 
h e l i c a l  inducers operating i n  water, while one of a more pronounced 
nature has been reported i n  reference 6 f o r  an axial-flow-pump s t age  op- 
e ra t ing  i n  water. Reference 6 showed t h a t  t h e  d ip  i n  t h e  o v e r a l l  perform- e 

ance curve and t h e  i n i t i a l  i nd ica t ion  of reverse  flow i n  t h e  hub region 
of the  r o t o r  occur a t  t h e  same flow c o e f f i c i e n t .  It w a s  also noted t h a t  
t h i s  small d ip  region w a s  an unstable operat ing region i n s o f a r  as opera- 
t i o n  a t  a constant flow coe f f i c i en t  w a s  concerned, and t h a t  t h e  maximum 

- 



9 

L 

Ln 
M 

2 
I w 

e f f i c i e n c y  occurred a t  a flow co,efficient j u s t  outs ide t h e  high flow co- 
e f f i c i e n t  end of t h e  d ip  region. 

Figure 5 compares t h e  noncavitating c h a r a c t e r i s t i c  curve with some 
results obtained from h e l i c a l  inducers u t i l i z i n g  w a t e r  as t h e  t e s t  f l u i d  
( r e f .  7 and unpublished NASA d a t a ) .  
include t h e  r e s u l t s  of an  inducer with an i d e n t i c a l  h e l i x  angle operated 
i n  both f l u i d s ,  it i s  evident  from f i g u r e  5 t h a t  t h e  liquid-hydrogen i n -  
ducer performance f i t s  i n t o  t h e  spectrum of inducer performance both i n  
regard t o  t h e  shape of t h e  c h a r a c t e r i s t i c  curve and l e v e l  of performance. 
This emphasizes t h e  f a c t ,  as indicated i n  o the r  work, t h a t  t he  f l u i d  
p r o p e r t i e s  have l i t t l e  e f f e c t  on t h e  noncavitating head-flow character-  
i s t i c  of a pump. 
p o r t s  t h e  r e s u l t s  of several pumps t e s t e d  i n  l i q u i d  hydrogen, l i q u i d  
ni t rogen,  and w a t e r .  Unfortunately, input power could not be measured 
with any degree of accuracy, consequently e f f i c i e n c y  ca l cu la t ions  could 
not  be made t o  determine i f  f l u i d  p rope r t i e s  have any not iceable  e f f e c t  
on t h i s  parameter. The t a b l e  on f igu re  5 l i s t s  t h e  s i g n i f i c a n t  d i f f e r -  
ences i n  geometry, speed, and method of obtaining discharge pressures  
f o r  t h e  inducers used i n  t h e  comparison. 

Although t h e  comparison does not  

This w a s  a l s o  pointed out  i n  reference 2 ,  which re- 

Cavitating Performance 

The general  method of conducting c a v i t a t i o n  tes t s  i s  t o  maintain 
t h e  flow geometry, hence flow coe f f i c i en t ,  and observe t h e  change i n  
head rise as a func t ion  of some c a v i t a t i o n  parameter..  I n  order  t o  mini- 
m i z e  t h e  t e s t i n g  time, t h e  t e s t s  reported h e r e i n  were conducted at  
constant-discharge t h r o t t l e  s e t t i n g ;  consequently, constant  flow c o e f f i -  
c i e n t  performance had t o  be obtained by c ross -p lo t t i ng  t h e  data. Figure 
6 p re sen t s  t h e  v a r i a t i o n  of head c o e f f i c i e n t  
k f o r  constant  values  of flow coe f f i c i en t  (p. 

$ with c a v i t a t i o n  number 

A common f e a t u r e  of all t hese  c u r v e s  i s  t h a t  t h e  head i s  e s s e n t i -  
a l l y  unaffected until a c a v i t a t i o n  number of approximately 0.075 or l ess  
i s  reached, and then it drops o f f  slowly down t o  k values of zero. 
Thus, it appears t h a t ,  f o r  t h i s  inducer, c a v i t a t i o n  breakdown (where a 
f u r t h e r  decrease of c a v i t a t i o n  number results i n  a r a p i d  d e t e r i o r a t i o n  
of head r i se )  d i d  not  occur even down t o  computed k values of zero. 

From t h e  r e s u l t s  of f i g u r e  6 the o v e r a l l  performance obtained under 
c a v i t a t i n g  condi t ions as presented on f i g u r e  4 can be be t te r  i d e n t i f i e d .  
This i s  accomplished by f a i r i n g  i n  constant k operat ing condi t ions as 
shown by t h e  dashed l i n e s  ( f i g .  4 ) .  
p o i n t s  a t  which Venturi  instrumentation ind ica t e s  t h a t  c a v i t a t i o n  i s  
probably occurring i n  t h e  Venturi t h roa t .  

The do t t ed  l i n e  o u t l i n e s  tine data 



10 

I n  t h e  general  a r e a  of a f l o d  co&icient of 0.064 (same region as 
t h e  d ip  appeared i n  t h e  noncavi ta t ing performance c h a r a c t e r i s t i c )  t h e r e  
i s  a general convergence of l i n e s  of constant  k values .  A t  a given 
flow coe f f i c i en t  i n  t h i s  area, t h e  performance drop reaches a minimum as 
k 
a l l y  a bo i l ing  f l u i d  en te r ing  t h e  pump). 
be of i n t e r e s t  as a design-point region. 

i s  lowered f r o m t h e  noncavitating value of 0.075 t o  k = 0 ( e s s e n t i -  
For  t h i s  reason t h i s  a r e a  would 

'i" t i o n ,  by d e f i n i t i o n ,  i n  which t h e  stream s t a t i c  pressure j u s t  equals t h e  P 
f l u i d  vapor pressure.  It i s  a l s o  evident from f i g u r e  4 t h a t  a l a r g e  w 

A s  noted, t he  curves of f i g u r e  6 terminate a t  k = 0, a flow condi- 

0 
UI p a r t  of t h e  pump performance recorded f e l l  outs ide t h e  flow regime 

bounded by the  k > 0.075 (noncavi ta t ing)  t o  k = 0 curves. A t  t h i s  
po in t  some consideration must be given t o  t h e  type of flow a n t i c i p a t e d  
i n  t h i s  area, t h e  a b i l i t y  of t h e  flow parameter (k ,  Hsv, e t c . )  t o  de- 
s c r i b e  the  flow condition, and t h e  e f f e c t  of t h e  instrument l o c a t i o n  on 
t h e s e  parameters. 

As t h e  decreasing supply tank pressure tends t o  f o r c e  t h e  i n l e t  
stream s t a t i c  pressure below t h e  f l u i d  vapor pressure,  s eve ra l  bas i c  in-  
l e t  flow models are suggested: 

(1) The f l u i d  i s  c a r r i e d  along i n  a superheated s ta te .  I n  t h i s  
case the  stream s t a t i c  pressure would e x i s t  a t  a value lower than t h e  
f l u i d  vapor pressure,  with inc reas ing ly  negative k values c a l c u l a t e d  
as t h e  supply tank pressure i s  lowered. 

( 2 )  F l u i d  i s  evaporated i n  t h e  i n l e t  s ec t ions  leading t o  t h i s  pump. 
However, t h e  heat  absorbed i n  t h e  evaporation of a por t ion  of t h e  flow 
s u f f i c i e n t l y  cools t he  remaining l i q u i d  t o  i n h i b i t  f u r t h e r  vaporizat ion.  
If t h i s  l a t t e r  process i s  assumed t o  continue t o  a new equi l ibr ium s ta te ,  
t h e  stream s t a t i c  pressure approaches and f i n a l l y  again equals t h e  l o c a l  
f l u i d  vapor pressure.  A s  t h e  supply tank pressure i s  systematical ly  
reduced, a t  each new equi l ibr ium s ta te  t h e  computed k value,  by d e f i n i -  
t i o n ,  remains zero; but  increasing amounts of vapor are formed i n  t h e  
i n l e t  flow. Under these  condi t ions t h e  k parameter alone no longer  
would completely descr ibe t h e  i n l e t  flow conditions as experienced by 
the  pump. 

For a n  i n s t a l l a t i o n  with t h e  pump mounted i n  a l i n e  with a decreas- 
ing  to t a l -p re s su re  l e v e l  along t h e  flow pa th ,  t he  formation of vapor 
would be expected t o  occur a t  increasingly g r e a t e r  d i s t ances  from t h e  
pump i n l e t  as the  supply tank p res su re  i s  reduced. Consequently, i n l e t  
flow conditions can be adequately recorded only i f  t he  instrumentat ion c 

i s  located a t  t h e  i n l e t  f ace  of t h e  inducer.  This po in t s  up t h e  neces- 
s i t y  of ca re fu l ly  loca t ing  instrumentat ion i f  i n l e t  flow condi t ions f o r  
k = 0 mode of operations a r e  t o  be accu ra t e ly  measured. 
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The da ta  poin ts  of f i gu re  4 indicate  t h e  decreasing l e v e l  of per -  
formance a t  a constant t h r o t t l e  s e t t i ng  as the supply tank pressure  i s  
lowered from the  value necessary f o r  i n i t i a l  k = 0 operation. I n  t h i s  
same flow regime, t a b l e  I f u r t h e r  indicates  t h a t ,  with t h e  exception of 
one s e r i e s  of operating conditions (runs 46 t o  59),  the  i n l e t  tempera- 
t u r e  drops of f  rap id ly  with decreasing i n l e t  pressure.  
t h a t  some evaporative cooling w a s  taking place,  and the  second flow model 
appl ies .  However, s ince the  l a t e n t  heat of evaporation i s  obtained from 
the  l i q u i d  surrounding the  vapor bubbles and as such i s  a time-dependent 
process,  it i s  probable t h a t  both f l o w  models a r e  present  t o  some ex ten t .  
With the  present  instrumentation it w a s  impossible t o  determine any in-  
d iv idua l  e f f e c t s .  Because of t h e  time-dependent nature of t h e  process,  
another pump with d i f f e r e n t  i n l e t  conditions ( V a , l ,  e . g . )  might be ex- 
pected t o  have a d i f f e ren t  r a t i o  of superheat and evaporative cooling 
f o r  t h e  same type of operation. 

This implies 

The negative k values shown i n  t a b l e  I a re  based on s t a t i c  pressure 
a t  t h e  inducer inlet  (as computed from the  measured l i q u i d  flow only and 
the  i n l e t  a rea)  and a vapor pressure computed from carbon r e s i s t o r  temper- 
a tu re  measured severa l  inches upstream of the  inducer i n l e t .  For these  
reasons l i t t l e  s ign i f icance  i s  placed on the  values ca lcu la ted ,  although 
it i s  in t e re s t ing  t o  note t h a t  they remain e s s e n t i a l l y  constant  as i n l e t  
pressure i s  reduced below the  k = 0 flow condition. 

It should be noted here  t h a t  operation a t  i n l e t  p ressures  of atmos- 
pheric  o r  below w a s  a t t a i n e d  by i n i t a t i n g  operat ion a t  a high suc t ion  
pressure and then systematical ly  reducing the  supply tank pressure.  It 
i s  poss ib le  t h a t  i f  t he  i n i t i a l  pump operat ion were attempted at  t h e s e  
low i n l e t  pressures  the  pump would not s tar t ,  t h a t  i s ,  would not pump a 
l i q u i d .  

Figure 7 compares the  cavi ta t ion  performance of t h e  8 3 O  h e l i c a l  in-  
ducer t e s t e d  i n  l i q u i d  hydrogen w i t h  t he  c a v i t a t i o n  performance of s i m -  
i l a r  types of inducers operated i n  water. For each inducer,  an attempt 
w a s  made t o  s e l e c t  a constant flow coe f f i c i en t  performance curve main- 
t a i n i n g  good performance t o  low k values.  Figure 7 demonstrates the  
a b i l i t y  of pumps t o  operate i n  l i q u i d  hydrogen a t  lower values (or 
Hsv) for a given drop i n  performance and concurs with t h e  results of  
e a r l i e r  works. Thus far, however, attempts a t  c o r r e l a t i n g  the  c a v i t a t i o n  
r e s u l t s  i n  water with those obtained i n  other  f l u i d s  have had l i m i t e d  
success,  e s p e c i a l l y  i n  the  f i e l d  of cryogenic l i qu ids  ( see  r e f s .  2 and 3).  

k 

I n  order  t o  r e l a t e  t he  data expressed i n  terms of c a v i t a t i o n  number 
k t o  the  familiar suc t ion  spec i f i c  speed parameter, approximate rela- 
t i o n s  a r e  noted i n  the  t a b l e  on f igure 7 .  The data presented here in  
provide addi t iona l  encouragement t h a t  high suct ion s p e c i f i c  speeds may 
be expected when operating i n  l i qu id  hydrogen. 
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The r a d i a l  v a r i a t i o n s  of pump head rise a t  t h r e e  values  of flow co- 
e f f i c i e n t  are presented i n  f igu re  8 both f o r  t he  noncavitating and k = 0 
mode of performance. The radial gradient  of head c o e f f i c i e n t  observed 
f o r  t h e  noncavitating condition i s  c h a r a c t e r i s t i c  of t he  h e l i c a l  su r f ace  
blade.  
gradient of  head coe f f i c i en t  increases ,  t h e  head r i se  i n  t h e  t i p  region 
increasing much faster than i n  t h e  hub region. An a n a l y t i c a l  study of . 
t h e  e f f e c t s  of geometry and lo s ses  on the  performance parameters of f la t -  

A s  t h e  flow c o e f f i c i e n t  i s  reduced ( increased incidence) ,  t h e  

p l a t e  h e l i c a l  inducers i s  presented i n  reference 8. M 

A notable f e a t u r e  of t h e  r a d i a l  d i s t r i b u t i o n s  observed a t  k = 0 8 
operation w a s  t h a t  t he  l a t t e r  followed noncavitating performance very 

I 
P 

u1 

c lose ly .  A t  t h e  low and high flow c o e f f i c i e n t s  t h e  decrease i n  head 
r i se  i s  near ly  t h e  same at  a l l  radii as t h e  mode of operat ion i s  var ied  
from a noncavitating t o  a c a v i t a t i n g  condition. A t  t h e  mean flow a 
s l i g h t  r e d i s t r i b u t i o n  of head r i s e  appears t o  occur. This w a s  noted f o r  
s eve ra l  da t a  po in t s  taken i n  t h i s  region of flow. 

CONCLUDING REMARKS 

The inves t iga t ion  reported he re in  presents  t h e  d a t a  obtained from 
a spec i f i c  h e l i c o i d a l  inducer. A s  much as poss ib l e ,  t h e  da t a  have been 
presented i n  a form which el iminates  any e f f e c t s  of t h i s  p a r t i c u l a r  in -  
ducer or t e s t  se t -up .  The exception t o  t h e  la t ter  i s  t h e  form of t h e  
cons t an t - th ro t t l e  curve (da t a  po in t s  of f i g .  4 ) ,  which does show system 
e f f e c t s .  

The noncavitating performance showed an o v e r a l l  head c h a r a c t e r i s t i c  
curve similar t o  those obtained from inducers operating i n  water. L i t t l e  
change would be expected i f  t h i s  inducer were operated i n  a d i f f e r e n t  
f l u i d .  The measured r a d i a l  gradient  of noncavitating head c o e f f i c i e n t  
( increasing with r ad ius )  follows t h e  energy input gradient  inherent  i n  
t h e  f l a t - p l a t e  h e l i c a l  inducer. The g rad ien t  increased as t h e  flow co- 
e f f i c i e n t  w a s  decreased. 

The c a v i t a t i o n  d a t a  ind ica t e  t h a t  t h e  inducer performance dropoff 
i n  l i q u i d  hydrogen i s  r e l a t i v e l y  s m a l l  as t h e  mode of operat ion i s  
changed from 
ducer i n l e t )  f o r  a constant value of flow c o e f f i c i e n t .  The surveys of 
discharge t o t a l  pressure from r a d i a l  rakes f u r t h e r  i nd ica t ed  t h a t  t h i s  
dropoff occurred a t  all r a d i i  and i n  approximately equal  amounts except 
f o r  a mean flow c o e f f i c i e n t  where t h e  decrease occurs from t h e  mean t o  
t h e  t i p  region performances. 

k > 0.075 (noncavitating) t o  k = 0 ( b o i l i n g  f l u i d  a t  in-  

Comparison of t h e  results of t h i s  inducer with similar inducers 
operated i n  water confirmed t h e  f indings of o the r  i nves t iga t ions  t h a t ,  
f o r  a given drop i n  performance, inducers w i l l  operate i n  l i q u i d  hydro- 
gen t o  s i g n i f i c a n t l y  lower values of c a v i t a t i o n  number, o r  n e t  p o s i t i v e  
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suc t ion  head. Conversely, inducers employed i n  l i q u i d  hydrogen may be 
expected t o  a t t a i n  l a r g e r  values of suction s p e c i f i c  speed. 

A very i n t e r e s t i n g  f e a t u r e  i s  the  observed range of performance 
over which t h e  inducer pumped e s s e n t i a l l y  a b o i l i n g  f l u i d .  Several  i n -  
l e t  flow models a r e  proposed t o  aid i n  an understanding of t h e  i n l e t  
conditions as experienced by t h e  pump. While t h e  d a t a  supply evidence 
t h a t  t h e  flow model employing evaporative cooling occurred (and probably 
predominated) i n  t h i s  case,  t h e  instrumentation w a s  not  s u f f i c i e n t ,  o r  
s e n s i t i v e  enough, t o  preclude t h e  p o s s i b i l i t y  of some superheat (o the r  
flow model) i n  the  f l u i d .  Speculation t h a t  t h e  time-dependency aspects  
of  t h e  process would d ive r se ly  a f f e c t  t h e  i n l e t  flow conditions of each 
d i f f e r e n t  inducer i s  made. The need f o r  b e t t e r  measuring devices and 
f o r  c a r e f u l  l oca t ion  of t h e  measuring s t a t i o n s ,  p a r t i c u l a r l y  when i n  
t h e  above flow regime, i s  noted. 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, November 1 6 ,  1960 
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APPENDIX - OPERATIONAL AND MECHANICAL EXPERIENCES 

Because of t h e  unique p rope r t i e s  of l i q u i d  hydrogen it appeared 
t h a t  c e r t a i n  r i g  detai ls  and operating procedures not  p e r t i n e n t  t o  t h e  
theme of t h e  main t ex t  would be of i n t e r e s t  t o  t h e  reader.  Therefore, a 
discussion of t h e s e  i t e m s  w i l l  be presented i n  t h e  following paragraphs. 

A carbon seal with a mechanical carbon nosepiece having impregna- 
t i o n  of metal f l u o r i d e  w a s  used i n  both t h e  f ace  and s h a f t  seals near 
t he  inducer ro to r .  The metal f l u o r i d e  serves  as an additive t o  assist 
i n  t h e  formation of  a l u b r i c a t i n g  f i l m  of g raph i t e  on t h e  mating sur -  
faces .  Because of previous s e a l  failures with carbon and aluminum, a 
304 s t a i n l e s s - s t e e l  r i n g  w a s  f i t t e d  and shrunk on t h e  r e a r  face  of t h e  
inducer impeller t o  a c t  as t h e  rubbing sur face .  
used w a s  2 0  pounds p e r  square inch gage. 
c u l t i e s  were incurred with t h i s  s e a l  pressure.  

The f ace  s e a l  pressure 
No func t iona l  s t a r t i n g  d i f f i -  

Each of t h e  two pump s h a f t  bearings (s tandard c l ea rance ) ,  which 
were designed t o  be o i l - lub r i ca t ed ,  w a s  provided with e l e c t r i c  heat ing 
c o i l s  t o  help maintain reasonable working temperatures. 

Before l i q u i d  o r  gaseous hydrogen w a s  introduced i n t o  t h e  t e s t  sys- 
t e m ,  t h e  system w a s  thoroughly purged. 
(1) evacuating system t o  15 inches of mercury ( 2 )  p re s su r i z ing  system t o  
10 pounds p e r  square inch with helium gas (3) opening momentarily each 
of t h e  vent valves i n  t h e  system. Complete purging w a s  assured by re- 
peat ing t h i s  procedure (two or t h r e e  t i m e s ) .  

The purge method consis ted of 

I n  order t o  ensure r e l i a b l e  vapor pressure f o r  t h e  Hsv meter, t h e  
vapor bulb w a s  pressurized with hydrbgen gas d i r e c t l y  from t h e  supply 
D e w a r .  Before t h e  vapor bulb w a s  f i l l ed ,  t h e  supply D e w a r  w a s  vented 
t o  atmospheric pressure and, by use of i n t e g r a l  heat-exchanger c o i l s ,  
s e l f -p re s su r i zed  t o  40 pounds p e r  square inch gage. 
cedure used t o  prepare t h e  vapor bulb for t e s t  operat ion w a s  as follows: 

The a c t u a l  pro- 

(1) evacuate bulb t o  a minimum of 28  inches mercury 

(2)  p r e s s u r i z e  bulb with 40 pounds p e r  square inch gage hydrogen gas 

(3) repeat  above s t e p s  s i x  t i m e s  

I n  order t o  help maintain reasonable bear ing temperatures, t h e  in-  
ducer w a s  operated at  a base speed of about 9000 rpm, while t h e  system 
w a s  c h i l l e d  and f i l l e d  with l i q u i d  hydrogen. During t h i s  t i m e ,  o i l  
l u b r i c a t i o n  t o  t h e  pump bearings w a s  stopped, although scavenge pressure 
w a s  s t i l l  maintained. 
runs w a s  used with t h e  pump bearings.  

Only occasional l u b r i c a t i o n  during ensuing t e s t  
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Figure 1. - 83O Flat-plate  helical inducer. 
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